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Reactive oxygen species, produced in the aquatic environment under sunlight irradiation, actively take part in degradation
DOI: 10.1039/x0xx00000 of environmental pollutants. NTO (5-nitro-1,2,4-triazol-3-one), being a primary ingredient in a suite of insensitive munitions
formulations, may be released onto training range soils after incomplete detonations and dissolved in surface water and
groundwater due to good water solubility. A detailed investigation of possible mechanism for NTO decomposition in water
induced by superoxide and hydroperoxyl radical as one of the pathway for NTO environmental degradation was performed
by computational study at PCM(Pauling)/M06-2X/6-311++G(d,p) level. Superoxide causes rapid deprotonation of NTO.
Decomposition of NTO induced by hydroperoxyl radical was found to be a multistep process leading to mineralization of
nitrocompound. The reaction process may begin with hydroperoxyl radical attachment to carbon atom of C=N double bond
of NTO, then proceeds through rupture of C-N bonds and addition of water molecules leading to formation of nitrous acid,
ammonia, nitrogen gas, hydrazine, and carbon (IV) oxide. The obtained results indicate that the anionic form of NTO shows
a higher reactivity towards hydroperoxyl radical than its neutral form. Excitation of NTO by sunlight enables complete
mineralization of NTO induced by superoxide. Calculated activation energies and exergonicity of the studied processes
support contribution of hydroperoxyl radical and superoxide to degradation of NTO in environment into low-weight

inorganic compounds.

Introduction

Highly energetic substances, used as explosive materials, cause pollution when they enter the environment, creating a toxic hazard for the
biota. All over the world, soils and natural waters are contaminated with such pollutants due to munitions dumping, military activities,
industrial operations etc. NTO (5-nitro-1,2,4-triazol-3-one) is a powerful insensitive explosive, present in industrial waste waters as well as in
training fields.! Variety of possible pathways of NTO decomposition in environment make it of considerable interest for investigation to both
experimental and computational chemistry. NTO dissolves easily in surface water and groundwater due to a good water solubility? and
undergoes photo-transformation, which is a complex process that involves direct and indirect photolysis.3® Direct photolysis is considered
as a hydrolytic decomposition of NTO in triplet state. Indirect photolysis of NTO involves reactions with reactive oxygen species (singlet
oxygen, superoxide, hydroperoxyl radical, hydroxyl radical etc.), generated in water solution under UV-irradiation. The identified aqueous
products of NTO photo-transformation are nitrite, nitrate, ammonium and 5-hydroxy-1,2,4-triazol-3-one or 1,2,4-triazolidine-3,5-dione — its
isomer.38 Understanding of the mechanism of direct and indirect photochemical degradation of NTO is necessary in order to predict and
control its environmental fate and persistence. Reactions of direct photolysis of NTO and its decomposition induced by singlet oxygen were
modeled recently.>1° In the present study we examine ability of superoxide and hydroperoxyl radical take part in degradation of NTO.
Superoxide (0,7*), as a one of reactive species, may be produced as a result of the donation of an electron to oxygen by photosensitizer after
absorption of light.1! The conjugate acid of the superoxide is a hydroperoxyl radical (HO,*), which is produced upon sunlight irradiation of
components such as dissolved organic matter (DOM), nitrate, nitrite, and Fe(lll) present in natural waters. It plays important role in
decomposition of organic pollutants.>4 Hydroperoxyl radical is a stronger oxidant than superoxide, that is consistent with the experimental
reduction potentials of 1.06 and 0.94 eV for HO,* and O,°, respectively.!* An experimental pKa of 4.88 indicates that in neutral pH the major
form of the superoxide reactant is the anionic form.
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The investigation of reactivity of several classes of organic compounds in nucleophilic substitution reactions with superoxide showed that
the nucleophilic attack of O, at the O-alkyl carbon is a common mechanism of decomposition of organic carbonates, aliphatic carboxylic
esters, lactones. However, N-alkyl substituted amides, lactams, and ethers (glymes) are stable against nucleophilic substitution by
superoxide.2® Nucleophilic reactions of O,~* with phenol esters of carboxylic acids proceed via attack at the carbonyl carbon.!® A one-electron
transfer from O, was found as the major reaction channel for reaction of superoxide with 2,4,6-trinitrotoluene, while the proton abstraction
reaction was negligible, which interestingly, is in contrast to the observed deprotonation of 2,4-dinitrotoluene, 2-nitrotoluene, and
quercetin.'”18 Reaction of superoxide with 5,5-dimethyl-1-pyrroline N-oxide occurs by an addition of O, to carbon atom of the double C=N
bond.?® The addition of HO,® to 5,5-dimethyl-1-pyrroline N-oxide is predicted to be more exoergic with lower energy barrier than the addition
of O,7*. This is experimentally confirmed. The hydrogen atom abstraction and radical adduct formation were suggested as possible initial
reaction routes between HOO® and coumarin derivatives.!3

The current study is aimed to model NTO degradation induced by superoxide and hydroperoxyl radical in aqueous solution to evaluate
possibility of NTO mineralization. Based on the structure of NTO and available literature data on mechanisms of reactions of superoxide and
hydroperoxyl radical with different classes of organic compound?!31416-19 the three directions for the reaction between superoxide and NTO
will be considered: the nucleophilic attack of O,~* onto two carbon atoms of NTO, the deprotonation of NTO, and the one-electron transfer
from O,7*. The three pathways will also be discussed for reaction of hydroperoxyl radical with NTO: the attachment of HO,* to carbon atoms
of NTO, the hydrogen atom transfer from NTO to HO,*, and the one-electron transfer from HO,®. The studied reactions will be modeled for
NTO and its anion (NTOa). NTO deprotonated at N4 position was chosen for calculation due to its increased stability as compared with NTO
deprotonated at N2 position.?°

Methods

The geometries of all structures were optimized within the Gaussian 09 program?! using the M06-2X functional of the Density Functional
Theory (DFT) and 6-311++G(d,p)) basis set.2>%> M06-2X functional was recommended for applications involving thermochemistry, kinetics,
and noncovalent interactions on the base of assessment of its performance over broad amounts of data.?? The influence of water bulk was
simulated within PCM model in a combination with Pauling radii.?® Stationary points for modeled reactions were characterized as either local
minima (reactant, intermediate, product) having all real frequencies, or as transition states possessing only one imaginary frequency. This
was carried out by calculation of the analytic harmonic vibrational frequencies at the PCM(Pauling)/M06-2X/6-311++G(d,p)) theory level. The
activation energy for electron transfer was calculated from Marcus theory using the internal reorganization energies and the reaction Gibbs
free energies.?” The Cartesian coordinates for optimized local minima and transition states species are provided in ESI.

Results and discussion
Superoxide induced degradation of NTO and NTOa

Considered in this paper reactions of NTO with superoxide in water along with the corresponding Gibbs free energy diagram are shown in
Fig. 1. Structures of the corresponding transition states are placed in Fig. S1 (ESI). There are several possible directions for the initial attack
of superoxide onto NTO. They are superoxide attachment to carbon atom of NTO, proton detachment from NTO, electron transfer from
superoxide to NTO. The possibility of superoxide addition to the C3 carbon atom can be excluded, because this would lead to intermediate
INT1 lying 41.39 kcal/mol above the reactants. Obtained high activation energy for attachment of superoxide to carbon atom of carbonyl
group corresponds to the values reported in the study of mechanism of reaction between superoxide and organic carbonates, aliphatic
carboxylic esters, lactones.’> An addition of superoxide to carbon atom C5 requires activation energy of 25.03 kcal/mol, which might not be
easily accessible at room temperature. Once this transition state is reached, unstable INT2 undergoes nearly barrierless exergonic C-N bond
rupture leading to nitrite anion release.

An electron transfer from superoxide to NTO is easy to proceed with formation of INT3, which is an anion radical of NTO. Unimolecular and
hydrolytic decomposition of INT3 will not be realized due to high energy barriers that was studied earlier.22 A hydrogen atom transfer from
INT3 to superoxide is barrierless process. A hydrogen atom removal from atom 4 of INT3 is more favorable than from position 2 and leads to
NTOa. An addition of superoxide to carbon atom C3 of INT3 will not be realized due to high instability of formed intermediate INT5. An attack
of superoxide onto carbon atom C5 of INT3 requires high activation energy of 33.90 kcal/mol.

Proton transfer from nitrogen atom N4 of NTO to superoxide is more favorable than a proton transfer from N2 atom of NTO and leads to
more stable NTOa and hydroperoxyl radical. Based on obtained results deprotonation of NTO in position 4 is the most energy favorable
process for the reaction of NTO with superoxide. Further possible degradation of NTOa induced by superoxide and hydroperoxyl radical will
be discussed below.

Various reactions of superoxide with anion of NTO were studied. They are attachment of superoxide to carbon atom of NTOa, proton
detachment from NTOa, and electron transfer from superoxide to NTOa. Gibbs free energy profile for reaction of superoxide with anion of
NTO is shown in Fig. 1. Nucleophilic addition to the carbon atoms of NTOa is unlikely to occur since the activation energy for this process is
prohibitively high at room temperature (35-45 kcal/mol). A one-electron reduction of NTOa by superoxide is endergonic (AG,=3.05 kcal/mol)
and requires an activation energy of 7.68 kcal/mol. Proton transfer from superoxide to NTOa gives an adduct that lies 13.38 kcal/mol above
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the reactants. Reactivity of NTOa is lower than reactivity of NTO in reaction with superoxide due to requirement of an additional activation
energy to overcome the Coulomb repulsion between the two anionic species.
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Fig. 1 PCM(Pauling)/M06-2X/6-311++G(d,p) modeled pathways for NTO and NTOa decomposition in water induced by superoxide along with
the corresponding Gibbs free energy diagram. In the top figure, numbers along with each of the arrow indicate the corresponding reaction
barrier height, while numbers below structures indicate the corresponding reaction Gibbs free energy in kcal/mol.

Reactivity of NTO in excited triplet state toward superoxide may differ from its reactivity in ground singlet state. An excitation of NTO in the
environment that results in its singlet-triplet transformation may occur after absorption of sunlight. Modeled reactions of NTO* (in triplet
state) with superoxide in water along with the corresponding Gibbs free energy diagram are shown in Fig. 2. Comparative analysis of energetic
parameters for interaction of NTO and NTO* with superoxide showed that excitation significantly facilitates the studied processes (Figs. 1
and 2). The most favorable direction is barrierless attachment of superoxide to carbon atom C5 of NTO* that leads to INT2, which easy losses
nitrite anion. Formed INT4 isomerizes into slightly more stable INT7. Cleavage of O-O bond in INT7 leads to cycle-opened intermediate INT9
via intermediate INT8. Hydroxyl radical, that was eliminated from INT7, may attack INT9. Hydrogen atom transfer from nitrogen atom of INT9
to hydroxyl radical has lower energy barrier than the addition of OH® to carbon atom of double bond C=0. Removal of hydrogen atom from
INT9 is accompanied by cleavage of C-N bond and release of nitrogen gas and formation of INT11. Transformations of INT11 into
intermediates INT14 and INT15 have similar energy barriers. An addition of molecule of water to INT11 leading to INT14 is more favorable
due to the reaction is exergonic, while rupture of C-N bond in INT11 with elimination of carbon (Il) oxide is endergonic. A transfer of hydrogen
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atom from INT14 to superoxide occurs without activation energy and is accompanied by rupture of C-N bond with release of carbon (IV)
oxide and isocyanic acid (INT16). Hydrolysis of isocyanic acid leads to intermediate INT17, which decomposes into ammonia and carbon (IV)
oxide. Modeled pathways and Gibbs free energy calculations allow to suggest that degradation of NTO* in triplet state induced by superoxide
in aqueous solution may lead to its mineralization with formation of nitrite anion, ammonia, nitrogen gas, and carbon (IV) oxide (Fig. 2).
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Fig. 2 PCM(Pauling)/M06-2X/6-311++G(d,p) modeled pathways for NTO* (triplet state) decomposition in water induced by superoxide along
with the corresponding Gibbs free energy diagram. In the top figure, numbers along with each of the arrow indicate the corresponding
reaction barrier height, while numbers below structures indicate the corresponding reaction Gibbs free energy in kcal/mol.

Reactions of NTOa* (in triplet state) with superoxide in water were also modeled (Fig. 3). Reactivity of NTOa in excited triplet state toward
superoxide increases significantly as compared to one in ground singlet state (Figs. 1 and 3). The fastest processes are an electron transfer
from superoxide to NTOa* and a proton transfer from NTOa* to superoxide. These processes lead to intermediates INT3a and INT4a,
respectively. An attachment of superoxide to INT3a and INT4a is hard to occur due to high energy barriers of 33-45 kcal/mol. Instead, these
intermediates may be easy transformed into NTOa (in singlet state) by electron and proton transfer, respectively. Thus, superoxide is unlikely
to contribute to the degradation of NTOa (Figs. 1 and 3).
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Fig. 3 PCM(Pauling)/MO06-2X/6-311++G(d,p) modeled pathways for NTOa* (triplet state) decomposition in water induced by superoxide along
with the corresponding Gibbs free energy diagram. In the top figure, numbers along with each of the arrow indicate the corresponding
reaction barrier height, while numbers below structures indicate the corresponding reaction Gibbs free energy in kcal/mol.

Hydroperoxyl radical induced degradation of NTO and NTOa

Modeled pathways for NTO decomposition in water induced by hydroperoxyl radical along with the corresponding Gibbs free energy
diagrams are shown in Fig. 4. Structures of the corresponding transition states are placed in Fig. S2 (ESI). The hydrogen atom transfer from
NTO to HO,*, the hydroperoxyl radical attachment to carbon atoms of NTO, the one-electron reduction of NTO by HO,* are endergonic
processes. The addition of HO,* to carbon atom C5 was found to be the most energy favorable pathway for the initial attack of HO,* onto
NTO with activation energy of 23.21 kcal/mol. The formed adduct INT2 undergoes fast transformation into INT4 by C-N bond rupture and
release of nitrite radical. Interaction of nitrite radical with HO,* results in formation of nitrous acid and oxygen gas. The reaction is exergonic
and has activation energy of 17.91 kcal/mol. Elimination of a water molecule from INT4 leads to zwitterionic intermediate INT5 that
undergoes nearly barrierless C-N bond rupture leading to cycle-opened intermediate INT6. Proton transfer between nitrogen atoms leads to
decomposition of INT6 into isocyanic acid (INT10), carbon (1) oxide and nitrogen gas. The reaction is highly exothermic, however, activation
barrier for the transfer is high to be realized at ambient temperature. An addition of water molecule to double bond C=0 of INT6 may result
in formation of intermediates INT7 and INT8. Hydrolytic rupture of C-N bond may lead to INT9 and N,H,. Transformation of INT6 into INT7 is
the most kinetically favorable pathway with the lowest activation energy of 24.34 kcal/mol.
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Fig. 4 PCM(Pauling)/M06-2X/6-311++G(d,p) modeled pathways for NTO decomposition in water induced by hydroperoxyl radical along with
the corresponding Gibbs free energy diagram. In the top figure, numbers along with each of the arrow indicate the corresponding reaction
barrier height, while numbers below structures indicate the corresponding reaction Gibbs free energy in kcal/mol.
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There are several pathways for unimolecular decomposition of INT7. Proton transfer from oxygen atom to nitrogen atom results in formation
of INT11 and INT12 and elimination of carbon (IV) oxide. A proton transfer from nitrogen to oxygen atom leads to rupture of two C-N bonds
and formation of INT13, nitrogen gas, and carbon (Il) oxide. A proton transfer between two nitrogen atoms yields INT14, nitrogen gas, and
carbon (l1) oxide. Decomposition of INT7 into INT11 and CO, has the lowest activation barrier (20.60 kcal/mol) among the studied pathways.
Despite the reaction is endergonic the intermediate INT11 undergoes nearly barrierless C-N bond rupture, which leads to the release of
isocyanic acid (INT10) and N,H,. Hydrolysis of isocyanic acid proceeds via two steps and results in formation of ammonia and carbon (IV)
oxide. Disproportionation reaction of N,H, leads to hydrazine (N,H,) and nitrogen gas.

Modeled pathways and Gibbs free energy calculations allow to suggest that decomposition of NTO induced by hydroperoxyl radical in
aqueous solution may lead to its mineralization (Fig. 4). Predicted products are nitrous acid, ammonia, nitrogen gas, hydrazine and carbon
(IV) oxide. There are a few steps with activation energy more than 20 kcal/mol along the most energy favorable reaction channel. We suggest
that use of additional water molecules for calculation may stabilize transition states and reduce activation energy. The slowest step in NTO
decomposition is a hydrolysis of isocyanic acid with activation barrier of more than 26 kcal/mol. In the recent work we showed that acidic
catalysis may considerable decrease the activation energy for the hydrolysis of isocyanic acid to 9.51 kcal/mol.1°

An attachment of hydroperoxyl radical appears to be more energy favorable than an attachment of superoxide to carbon atom C5 of NTO
(Figs. 1,4). Relatively higher rate of hydroperoxyl radical trapping as compared to that of superoxide was earlier demonstrated for nitrone
5,5-dimethyl-1-pyrroline N-oxide by comparative analysis of Gibbs free activation energy of O,*~ or HO,* addition to C=N double bond of the
nitrone in aqueous system.*?

Modeled pathways for decomposition of anion of NTO in water induced by hydroperoxyl radical along with the corresponding Gibbs free
energy diagrams are shown in Fig. 5. Reaction of hydroperoxyl radical with NTOa starts from an addition of HO,* to carbon atom C5 of C5=N1
double bond, that was found to be more energy favorable pathway than the initial attack of HO,* onto C3 atom of NTOa. Formed INT2a is
less stable than reactants, however the intermediate fast transforms into more stable INT4a by release of nitrite anion. The activation energy
for the interaction of hydroperoxyl radical with NTOa is lower than for the reaction of HO,* with NTO that suggests higher reactivity of
deprotonated anionic form of NTO toward a hydroperoxyl radical. That is confirmed by smaller value of energy gap between the frontier
molecular orbitals of NTOa and HO,* (7.92 eV), than between ones of NTO and HO,* (8.65 eV). An alternative reaction pathway of initial
transformation of NTO anion involving a hydrogen atom transfer from NTOa to HO,® is slightly endergonic and further decomposition of
INT3a requires high activation energy that suggests this direction of NTOa transformation is hard to occur.

Cleavage of O-O bond in INT4a leads to intermediate INT5 and hydroxyl radical. The cycle opening in INT5 leads to intermediate INT6, which
may be attacked by hydroxyl radical. A transfer of hydrogen atom from nitrogen atom of INT6 to hydroxyl radical is accompanied by cleavage
of C-N bond and release of nitrogen gas and formation of INT6a. An addition of molecule of water to INT6a results in formation of INT7a.
Hydroperoxyl radical captures hydrogen atom from INT7a without activation barrier that leads to rupture of C-N bond with release of carbon
(IV) oxide and isocyanic acid (INT10). Two-step hydrolysis of isocyanic acid yields ammonia and carbon (IV) oxide. Modeled pathways and
Gibbs free energy calculations allow to suggest that degradation of anion of NTO induced by hydroperoxyl radical in agueous solution may
lead to its mineralization with formation of nitrite anion, ammonia, nitrogen gas, and carbon (IV) oxide (Fig. 5).
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Fig. 5 PCM(Pauling)/M06-2X/6-311++G(d,p) modeled pathways for NTOa decomposition in water induced by hydroperoxyl radical along with
the corresponding Gibbs free energy diagram. In the top figure, numbers along with each of the arrow indicate the corresponding reaction
barrier height, while numbers below structures indicate the corresponding reaction Gibbs free energy in kcal/mol.

Modeled pathways for degradation of NTO* and NTOa* in triplet state induced by hydroperoxyl radical are shown in Figs. 6 and 7,
respectively. Excitation of NTO and NTOa makes the addition of hydroperoxyl radical hard to occur due to high activation energy. Barrierless
capture of hydrogen atom from NTO* by HO,* leads to more stable intermediates NTOr and NTOr’ than an electron transfer from
hydroperoxyl radical to NTO*, leading to INT3 (Fig.6). Radical intermediate NTOr is more stable than NTOr’ and may undergo an attachment
of molecule of water with formation of INT18. An addition of hydroperoxyl radical to NTOr requires higher activation energy than an addition
of water molecule. An attack of water molecule onto carbon atom C5 is more favorable than the one onto atom C3. Intermediate INT18 easy
loses nitrite radical, which may transform into nitrous acid by fast capturing hydrogen from INT21. Decomposition of INT22 into isocyanic
acid (INT10) and INT28 as well as an addition of hydroperoxyl radical to INT22 will not occur due to high activation energy and endergonicity.
A hydrogen transfer from INT22 to hydroperoxyl radical is a barrierless process leading to INT5, which undergoes rapid opening of five-
membered cycle. An addition of molecules of water to INT6 results in sequential release of carbon (IV) oxide, diimide and ammonia. Diimide
can go through a disproportionation reaction to form nitrogen gas and hydrazine (Fig.4).

Comparative analysis of NTO degradation in water induced by hydroperoxyl radical for singlet and triplet states of NTO showed that in both
cases NTO undergoes complete mineralization into nitrous acid, nitrogen gas, ammonia and carbon (IV) oxide (Figs. 4 and 6). An initial
reaction of NTO with hydroperoxyl radical is an addition of HO,* to carbon atom C5 of NTO. Excitation of NTO considerable increases the
activation energy for the addition reaction, making a hydrogen transfer from NTO* to hydroperoxyl radical the most favorable initial reaction.
Further transformations of INT1 (Fig.4) and NTOr (Fig.6) lead to INT5, and then the degradation proceeds by the same way for the both cases.
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Fig. 6 PCM(Pauling)/M06-2X/6-311++G(d,p) modeled pathways for NTO* (triplet state) decomposition in water induced by hydroperoxyl
radical along with the corresponding Gibbs free energy diagram. In the top figure, numbers along with each of the arrow indicate the
corresponding reaction barrier height, while numbers below structures indicate the corresponding reaction Gibbs free energy in kcal/mol.

Excitation of NTOa also facilitates a hydrogen transfer from NTOa* to hydroperoxyl radical (Fig.7). However, formed INT3a may capture a
hydrogen from hydrogen peroxide, that results in formation of NTOa in singlet state. Other possible decomposition pathway for INT3a, that
is release of nitrogen gas and formation of INT5a (Fig.5), was ruled out due to high activation barriers. Thus, hydroperoxyl radical can

contribute in degradation of NTOa in its singlet state (Fig.5).
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Fig. 7 PCM(Pauling)/M06-2X/6-311++G(d,p) modeled pathways for NTOa* (triplet state) decomposition in water induced by hydroperoxyl
radical along with the corresponding Gibbs free energy diagram. In the top figure, numbers along with each of the arrow indicate the
corresponding reaction barrier height, while numbers below structures indicate the corresponding reaction Gibbs free energy in kcal/mol.

The current study established that superoxide and hydroperoxyl radical may take an active part in the process of NTO degradation.
Superoxide mainly participates in deprotonation of NTO in singlet state. Excitation of NTO facilitates its degradation induced by superoxide,
that may result in complete mineralization of NTO. The degradation pathway consists of an addition of superoxide to carbon atom of NTO,
release of nitrite anion, cleavage of five-membered cycle, elimination of nitrogen gas, hydrolysis leading to formation of carbon (IV) oxide
and ammonia. Hydroperoxyl radical appears to be more reactive than superoxide in reaction with NTO (in singlet state) on the basis of the
calculated Gibbs free activation energies. Decomposition of NTO induced by hydroperoxyl radical in water is a multistep process, which leads
to mineralization of the studied nitrocompound. The initial nucleophilic addition of HO,* to NTO occurs at the carbon atom of double bond
C=N. Then sequential transformations occur involving release of nitrite radical, cycle opening, water molecule addition, breaking of C-N
bonds. Predicted products are nitrous acid, ammonia, nitrogen gas, hydrazine, and carbon (V) oxide. Degradation of NTO anion induced by
hydroperoxyl radical resulted in formation of nitrite anion, nitrogen gas, carbon (IV) oxide, and ammonia. Excitation of NTO causes change
of an initial step of reaction between NTO and hydroperoxyl radical toward formation of NTO radical. An addition of molecules of water to
the NTO radical leads to release of nitrite radical, which then transforms into nitrous acid, diimide, which may form nitrogen gas and
hydrazine, carbon (IV) oxide and ammonia. Formation of nitrous acid (nitrite anion), ammonia, and carbon (IV) oxide are experimentally
observed during photolytic decomposition of NTO in aqueous solution.3-#

Conclusions

Superoxide and hydroperoxyl radical are important reactive oxygen species produced in the aquatic environment under sunlight irradiation.
They may cause decomposition of organic pollutants. The ability of superoxide and hydroperoxyl radical to take part in degradation of NTO
was studied at the PCM/MO06-2X/6-311++G(d,p) theory level. Our results revealed that superoxide fast deprotonates NTO, while
hydroperoxyl radical may cause mineralization of NTO. Degradation of NTO induced by hydroperoxyl radical proceeds through several steps,
starting from hydroperoxyl attachment to carbon atom of C=N double bond of NTO. Sequential cleavage of C-N bonds and addition of water
molecules leads to such products of NTO degradation as nitrous acid, ammonia, nitrogen gas, hydrazine, and carbon (IV) oxide. Anionic form
of NTO is more reactive toward interaction with hydroperoxyl radical as compared with its neutral form. An absorption of UV-irradiation
under environmentally relevant conditions causes singlet-triplet transformation of NTO, that significantly affects its reactivity. In the reaction
of triplet NTO with superoxide, the corresponding activation barriers are lowered, that allows to start a sequence of processes to achieve
complete mineralization of NTO. Based on the energetics of the studied reaction pathways we suggest that indirect photolysis induced by
hydroperoxyl radical and superoxide may contribute to NTO degradation in environment.
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